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© Coaxial transmission-line matrix Including In-plane crossover. 



© An assembly (108) of coaxial transmission lines 
(22) and coupling devices (28, 30) formed of closely 
spaced center conductors (32) of the coaxial lines, is 
formed within a planar configuration. The coupling 
devices are arranged either singly, or in pairs with 
one coupling device behind the other coupling de- 
vice, to provide for a division of power between 
transmission lines and to provide for a crossing over 
of power from one transmission line to another trans- 
mission line. The transmission-line assembly is re- 
ciprocal in operation so that the singly arranged 
coupling devices may be employed for a distribution 
as well as for a combination of electromagnetic 
waves. Phase shifters (122) may also be included to 
provide a desired phase relationship among waves 
outputted by various ones of the transmission lines. 
{^The transmission lines, the coupling devices and the 
^ phase shifters may all be fabricated in a parallel 
M array within a common metallic plate (24) by auto- 
5 mated milling machines for facile, accurate, and re- 
O producible manufacture of the transmission-line as- 
^sembly. The assembly including the matrix of co- 
t—axial lines for electromagnetic waves is readily struc- 
COtured to serve as a Butler matrix. 
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COAXIAL TRANSMISSION-LINE MATRIX INCLUDING IN-PLANE CROSSOVER 



BACKGROUND OF THE INVENTION 



This invention relates to a matrix of coaxial 
transmission lines, particularly a Butler matrix for 
the distribution of electromagnetic energy from one 
of a plurality of input ports to a plurality of output 
ports and, more particularly, to a set of coaxial 
transmission lines constructed in a unitary assem- 
bly wherein paired coupling devices formed of 
closely spaced center conductors of adjacent co- 
axial lines including a crossed configuration of the 
center conductors provide for in-plane crossing of 
power from one transmission line to another trans- 
mission line. 

In the processing of electromagnetic signals, it 
is frequently advantageous to distribute and com- 
bine algebraically signals propagating in a set of 
waveguides. A common example of such combina- 
tion is found in the feeding of antenna elements in 
an array antenna in which each element is fed 
microwave energy via a coaxial transmission line. 
As is well known, the contributions of electromag- 
netic energy applied to each of the antenna ele- 
ments radiate as waves, and combine to form a 
beam upon suitable phasing of the waves radiated 
by the respective elements. The difference in 
phase among waves of the various elements, 
sometimes referred to as a phase taper or phase 
slope, can be selected to adjust a direction of 
radiation of the beam from the antenna. 

One form of microwave distribution system for 
distributing the electromagnetic energy among the 
antenna elements is composed of a set of lines for 
transmission of electromagnetic energy intercon- 
nected to form a matrix of paths for the conduction 
of electromagnetic energy, the composite 
transmission-line structure being known as a Butler 
matrix. The Butler matrix is well known and may be 
used for coupling, by way of example, a set of four 
input ports to a set of four output ports, a set of 
eight input ports to a set of eight output ports, or 
other number of ports such as sixteen input ports 
to sixteen output ports. Assuming by way of further 
example that the output ports are connected to an 
array antenna, and that the input ports are con- 
nected via a selector switch to a transmitter, ener- 
gization of any one of the input ports with elec- 
tromagnetic power provides for a uniform distribu- 
tion of the electromagnetic power among the full 
set of output ports to provide for a radiated beam 
from the antenna. The direction of the beam rela- 
tive to the array of antenna elements differs with 
each selected one of the input ports. Thereby, by 



operation of the selector switch, a beam may be 
generated in any desired one of a set of of possi- 
ble directions. The Butler matrix is reciprocal in 
operation so that a receiving beam of radiation can 

5 be outputted at any one of the input ports for 
coupling by the selector switch to a receiver. 

A Butler matrix is composed of numerous 3 dB 
(decibels) couplers interconnecting transmission 
lines whereby power in one transmission line can 

10 be distributed equally between one transmission 
line and a second transmission line. A 90 degree 
phase shift is introduced at the coupler between 
waves carrying each half of the power. Therefore, 
various phase relationships exist among waves 

75 traveling in the various transmission lines. In order 
to provide for a desired phase taper at the output 
ports for forming a beam on transmission, and in 
order to sum together the contributions from var- 
ious antenna elements during reception of an in- 

20 coming electromagnetic wave, additional phase 
shifters are connected into the waveguides. A fur- 
ther aspect in the construction of a Butler matrix is 
the presence of numerous crossovers in which one 
transmission line is provided with twists and turns 

25 to cross over another transmission line, thereby to 
allow interconnection and coupling of signals be- 
tween various combinations of the transmission 
lines. 

A problem arises in the construction of a Butler 
30 matrix, or other matrix of transmission lines em- 
ployed for the algebraic combination of electro- 
magnetic waves, in that the manufacture of an 
assembly of transmission lines with twists and 
turns to effect a crossover is difficult. Furthermore, 
35 in the case of a matrix interconnecting many input 
ports with many output ports, there are crossings 
of transmission lines above other crossed over 
transmission lines resulting in a microwave struc- 
ture of highly irregular shape and excessively large 
40 size which is difficult to incorporate into a micro- 
wave system. 

SUMMARY OF THE INVENTION 

The foregoing problem is overcome and other 
advantages are provided by a transmission-line 
matrix having a planar construction in accordance 
so with the invention. The matrix is constructed by 
placing the transmission lines in a side-by-side 
array in an assembly sharing a common base plate 
and a common cover plate, the base plate being 
formed with a set of channels in which are dis- 
posed a corresponding set of center conductors to 



define a set of coaxial transmission lines. 

In accordance with the invention, hybrid cou- 
plers structures are disposed between adjacent 
ones of the coaxial transmission lines for dividing 
the power of one transmission line among two 
transmission lines, or alternatively, for combining 
the power of two transmission lines into one trans- 
mission tine. 

* Furthermore, in accordance with the invention, 

the assembly of transmission lines includes cros- 
sovers by which electromagnetic power in one 
transmission line can be routed past an adjacent 
transmission line to be placed in a third transmis- 
sion line, the crossing over being accomplished 
within the confines of the planar configuration of 
the assembly and without necessitating any in- 
creased height to the structures of the crossovers 
as compared to that of an individual coaxial line. 
This permits the microwave circuit, including co- 
axial transmission lines, hybrid couplers, and cros- 
sovers, to be constructed in a planar microwave 
configuration. The planar configuration of each of 
the crossovers is attained by connecting two hybrid 
couplers in tandem wherein each of the hybrid 
couplers divides the power of an incoming elec- 
tromagnetic wave into two waves of equal power 
with a 90 degree phase shift between the two 
waves. Each of the hybrid couplers has two input 
ports and two output ports, the output ports of a 
first one of the two couplers being connected to the * 
input ports of a second one of the two couplers. 

The arrangement of the interconnection of the 
two couplers is accomplished by constructing all 
conduits of electromagnetic power within a single 
planar configuration, in accordance with a feature 
of the invention, by use of a coupler having two 
input ports on a front side of the coupler and two 
output ports on a back side of the coupler. Such a 
coupler is constructed by use of coaxial transmis- 
sion lines connecting to the ports of the coupler 
and wherein, within a housing of the coupler, dia- 
metrically opposed pairs of input and output ports 
are connected by a pair of crossed insulated, 
electrically-conducting rods or bars which are 
spaced apart by a unifprm narrow gap to provide 
for capacitive coupling of electromagnetic power 
between the two bars. 

A planar configuration for the crossing of the 
two bars is attained by the construction of a notch 
in a central region of each bar, the notch of one bar 
facing the notch of the other bar at the site of the 
crossover with one notch engaging with and envel- 
oping the other notch while maintaining a gap 
between the walls of the notch, through which gap 
there is capacitive coupling of electromagnetic 
power. The configuration of the crossover has the 
effect of creating a half twist to the two bars, in a 
manner similar to a twisted pair of electrical con- 



ductors, this resulting in a relocation of one input 
port and one output port so as to place both input 
ports on the front side of the housing and both 
output ports on the back side of the housing. 

5 At various locations within the microwave as- 

sembly, at each of the crossovers, the crossing 
over of an electromagnetic wave has been accom- 
plished in a common plane of the coaxial transmis- 
sion lines, and without the introduction of any twist- 

10 ing and turning of a transmission line, as has been 
required heretofore to effect a crossing over of a 
wave from the position of one transmission line to 
the position of another transmission line. 

The resulting transmission-line structure has a 

75 much simpler form than has been possible here- 
tofore because all of the transmission lines and the 
microwave components, such as couplers, phase 
shifters, and crossovers, lie within a common 
plane. Such structure is readily incorporated into a 

20 microwave system and allows for a compact em- 
placement of components of the system. A further 
advantage is obtained from the planar configuration 
because all of the transmission lines can be formed 
of channels' with center conductors, the channels 

25 serving as outer conductors and being milled out of 
a single metal plate. For example, in a preferred 
embodiment of the invention, the channels are 
milled out out of a base plate of aluminum, the 
microwave components including the center con- 

30 ductors are inserted into the channels, and the 
assembly is completed by a closing of the chan- 
nels with an aluminum cover plate. This allows the 
transmission line assembly to be made by numeri- 
cally controlled milling machines, and also allows 

35 for many coaxial transmission-line matrices to be 
constructed readily with identical electrical char- 
acteristics. 



BRIEF DESCRIPTION OF THE DRAWING 



The aforementioned aspects and other features 
of the invention are explained in the following de- 
45 scription, taken in connection with the accompany- 
ing drawing wherein: 

Fig. 1 is a plan view of the crossover of the 
invention formed within a planar configuration of a 
metallic base plate with a cover plate shown par- 
so tially cutaway to expose the central conductors of 
coaxial transmission lines; 

Fig. 2 is an end view of the crossover taken 
along the line 2-2 in Fig. 1 ; 

Fig. 3 is an enlarged plan view of a fragmen- 
55 tary portion of one of two hybrid couplers of the 
crossover of Fig. 1 ; 
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Figs. 4 and 5 show sectional views taken 
along lines 4-4 and 5-5, respectively, in Fig. 3 to 
show details of bars in the crossover region of one 
of the couplers of the crossover; 

Fig. 6 is a view, similar to that of Fig. 3, 
showing an alternative embodiment of the cros- 
sover region of a coupler; 

Figs. 7 and 8 show, respectively, a plan view 
and a side view of a bar in the alternative embodi- 
ment of the coupler of Fig. 6; 

Fig. 9 is a diagrammatic representation of 
the tandem arrangement of the two couplers of Fig. 
including paths of electromagnetic waves useful in 
explaining operation of the crossover; 

Fig. 10 is a stylized isometric view of a 
planar square coaxial assembly incorporating a 
transmission line matrix in accordance with the 
invention; 

Fig. 1 1 shows a portion of a sectional view of 
the assembly of Fig. 10 taken along the line 11-11 
beneath a top surface of a baseplate of the assem- 
bly to show channels milled therein with center 
conductors of coaxial transmission lines situate 
therein, only a portion of the baseplate being 
shown to simplify a portrayal of a layout of cou- 
plers and crossovers constructed by use of the 
center conductors of the transmission lines; 

Fig. 12 shows diagramatically the intercon- 
nections of all of the coaxial transmission lines with 
all of the couplers, crossovers, and phase shifters 
in a complete Butler matrix employed, by way of 
example, with an array antenna of eight antenna 
eiements, the physical construction of the matrix of 
transmission line interconnections being in accor- 
dance with that shown in Rg. 1 1 ; and 

Fig. 13 is constructed in the manner of an 
overlay with paths of transmission of electromag- 
netic energy from one input port to ail of the output 
ports of the Butler matrix being shown superposed 
upon the arrangement of center conductors of Rg. 
11. 



DETAILED DESCRIPTION 



In the figures, the first nine figures disclose the 
construction of a planar crossover of coaxial trans- 
mission lines suitable for use for in the construction 
of a planar matrix coaxial transmission lines in 
accordance with the invention. Rgs. 10-13 show 
the construction of the matrix of coaxial transmis- 
sion lines. The description of the construction of 
the invention will begin, therefore, with a descrip- 
tion of a pair of couplers of coaxial transmission 
lines formed as a unitary crossover assembly suit- 
able for use in the construction of circuits of coaxial 



transmission lines and, in particular, in the con- 
struction of the transmission-line matrix of the in- 
vention. The description of the crossover is then 
followed by a description of the construction of the 

5 transmission-line matrix. 

Rgs. 1 and 2 show a crossover 20 formed of 
coaxial transmission lines 22 disposed within a 
base plate 24 covered by a cover plate 26. In 
accordance with the invention, the crossover 20 

io comprises two hybrid couplers 28 and 30 which 
are formed of crossed sections of a center conduc- 
tor 32 of coaxial lines 22. Fig. 2 shows a front end 
34 of the crossover 20, the view of Rg. 2 showing 
a first input port 36, a second input port 38, and 

;s the cover plate 26 disposed on top of the base 
plate 24. In Rg. 1, a portion of the cover plate 26 is 
shown, and the balance of the view is shown sec- 
tioned beneath the top surface of the base plate 
24, as indicated in Rg. 2. The square cross section 

20 of center conductors 32, as well as the the square 
cross section of the inner surface of the outer 
conductor 40 of the transmission lines 22 are also 
* shown in Rg. 2. It should be noted that, while the 
square cross sectional configuration of the trans- 

25 mission lines 22 is employed in the preferred em- 
bodiment of the invention, the teachings of the 
invention are applicable also to rectangular coaxial 
transmission lines. Dielectric supports 42 position 
the center conductors 32 within the outer conduc- 

30 tors 40 and insulate the center conductors from the 
outer conductors. To facilitate the description in 
Rg. 1, only a few of the supports 42 are shown, it 
being understood that such supports may be posi- 
tioned in various locations along the transmission 

35 lines, and may be given a well-known physical 
configuration which negates reflection of electro- 
magnetic waves. 

Each of the hybrid couplers 28 and 30 provide 
for a splitting of an electromagnetic wave into two 

40 waves of equal power, wherein the two waves differ 
in phase by 90 degrees. As will be explained 
herein, each of the couplers 28 and 30 are fab- 
ricated in accordance with a feature of the inven- 
tion which provides that two input ports are located 

45 on a front end of each of the couplers, and two 
output ports are located on the back end of each of 
the couplers. By way of example, the two input 
ports 36 and 38 of the crossover 20 also serve as 
input ports to the coupler 28. A similar pair of 

50 output ports, namely, a first output port 44 and a 
second output port 46, are located at the back end 
48 of the crossover 20. The output ports 44 and 46 
also serve as output ports of the coupler 30. The 
couplers 28 and 30 are of identical construction. 

55 As may be seen by the layout of the couplers 
28 and 30 presented in Rg. 1 , and by the end view 
presented in Rg. 2, the coaxiaJ transmission lines 
22 are fabricated in a convenient fashion by milling 
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out channels 50 within the base plate 24 to provide 
the outer conductors 40 of the transmission lines 
22. The center conductors 32 are then emplaced 
within the channels 50. and supported in their re- 
spective positions by the supports 42. Thereupon, 
the assembly is completed by installing the cover 
plate 26 on top of the base plate 24. Both the base 
plate 24 and the cover plate 26, as well as the 
center conductors 32, may be fabricated of an 
electrically conducting material which is readily 
machined, such as aluminum. 

As will be explained in further detail hereinafter 
with reference to Fig. 9, the crossover 20 acts to 
couple an electromagnetic wave from one of the 
input ports to the diagonally opposite output port, 
for example, from the second input port 38 to the 
first output port 44. This is accomplished by virtue 
of the even splitting of power at each of the cou- 
plers 28 and 30 with the phase lag of 90 degrees, 
this resulting in a cancellation of waves at one of 
the output ports so that all of the power of the input 
wave exits from the other output port. 

It is noted that a particular feature of the inven- 
tion is the construction of the crossover 20 includ- 
ing all components of the couplers 28 and 30 and 
their interconnecting transmission lines 22 within a 
single assembly of planar configuration. This is 
made possible because of the presence of both 
input ports of a coupler on the front end of the 
coupler, and the presence of both output ports on 
the back end of the coupler. This arrangement of 
the ports of each of the couplers 28 and 30 allows 
for the interconnection of the couplers via the 
transmission lines 22 as shown in the layout of Fig. 
1, the layout disclosing that all connections are 
accomplished within a common planar configura- 
tion without the need for any transmission lines 
located outside of the assembly of Fig. 1. Both the 
plates 24 and 26 are of planar configuration and 
serve to form a housing of planar configuration for 
the coupler 28 and for the coupler 30. 

These novel features are a direct consequence 
of the novel construction of each of the couplers 28 
and 30. which construction will now be described in 
accordance with the invention. 

With reference to Figs. 1-5, the coupler 28 is 
formed with a central region 52 having a crossover 
54 of two center conductors 32. Since both of the 
couplers 28 and 30 have identical construction, 
only the coupler 28 will be described in detail, it 
being understood that the description of the cou- 
pler 28 applies equally well to the coupler 30. In 
the central region 52, each of the center conduc- 
tors 32 takes the form of a bar, there being two 
such bars 56 and 58 in the centraJ region 52 and at 
the crossover 54. At the crossover 54, one bar 
crosses above the other bar which, by way of 
example, is portrayed in Fig. 3 by a crossing of the 



bar 56 above the bar 58. 

The crossover 54 is accomplished within the 
planar configuration by notching each of the bars 
56 and 58 with notches 60 which face each other 

5 and allow the bars 56 and 58 to pass through each 
other at the notches 60 within the confines of the 
thickness of the bar 56 and the bar 58 as is shown 
in the side views of Figs. 4 and 5. The notches 60 
are sufficiently large to provide for clearance be- 
to tween the bars 56 and 58 at the crossover 54, the 
clearance maintaining electrical insulation between 
the two bars 56 and 58. 

In Fig. 4, the bar 56 is shown to be notched at 
its bottom side, while Fig. 5 shows that the bar 58 

75 is notched at its top side. As shown In Figs. 1 and 
3, the bars 56 and 58 are parallel to each other 
except at the crossover 54 where each of the bars 
undergoes a 45 degree change in direction so as 
to cross the other bar at an angle of 90 degrees. In 

20 each of the bars 56 and 58, the notch 60 is located 
at a crossing strip 62, the crossing strip 62 in- 
troducing a reverse curve to the bar by virtue of 
two turns of 45 degrees in opposite directions. The 
depth of each notch 60 is somewhat greater than 

25 the thickness of the bar 56. 58 so as to provide 
clearance in the vertical direction between the 
strips 62 of the two bars 56 and 58. Clearance is 
also provided in the horizontal (parallel to the plane 
of the base plate 24) direction between a strip 62 

30 of one of the bars and the sides 64 of the notch 60 
in the other of the two bars. 

The clearance between the two crossing strips 
62 at the central portions of the bars 56 and 58, 
and clearance between parallel end portions of the 

35 bars 56 and 58 are selected to produce a desired 
amount of capacitance for coupling electromagnetic 
power between the bars 56 and 58. At an operating 
frequency in the range of 3.7-4.2 GHz (gigahertz) 
wherein the free-space wavelength of the radiation 

40 has a nominal value of three inches, the clearance 
between the parallel end portions of the bars 56 
and 58 is selected to define a gap 66 having a 
width of 30 mils. A larger clearance is provided at 
the crossover 54 such that the spacing between 

45 the crossing strips 62 as well as between a cross- 
ing strip 62 and sides 64 of a notch 66 are each 
equal to 50 mils. The larger clearance at the cros- 
sover 54 reduces the capacitance to the crossover 
54 so as to equalize the amount of capacitance per 

so unit length of the bar 56 or 58 throughout the 
length of the bar including both the end portion and 
the region of the crossover 54. It is noted that, in 
the absence of such increased clearance at the 
crossover 54. the added length of gap along the 

55 sides 64 of a notch plus the bottom 68 of a notch 
60 tends to increase the amount of capacitance at 
the crossover 54. It is desired to maintain uniform 
capacitance in the central region 52 of the coupler 
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28 so as to minimize reflection of electromagnetic 
waves and insure a low value of VSWR (voltage 
standing wave ratio). The foregoing increase of 
clearance at the crossover 54 produces the desired 
reduction in the capacitance at the crossover 54 so 
as to equalize the capacitance per unit length of 
bar. 

In terms of operation of the coupler 28, the 
configuration of the crossed bars 56 and 58 in Fig. 
3 has the form of a twisted pair of electrical con- 
ductors wherein only one half twist is provided. 
Therefore, the two bars 56 and 58 may be viewed 
as a pair of parallel bars through which electromag- 
netic power is coupled. The location of input and 
output ports of the coupler 28 follows the twisting 
of the bars 56 and 58. In addition, the implementa- 
tion of the twist, as is provided by the crossover 
54, maintains electromagnetic coupling between 
the two bars 56 and 58 so that the desired amount 
of coupled power is maintained, independently of 
the twisting of the bars 56 and 58. Thereby, the 
coupler 28 can provide for a division of the elec- 
tromagnetic power of a wave incident upon the 
coupler 28 into two waves of equal power outputted 
from the coupler 28 in substantially the same fash- 
ion as though the bars 56 and 58 were totally 
straight. Thus, by construction of the crossover 54 
to implement a twisting of the bars 56 and 58, the 
effect in the operation of the coupler 28 is to 
interchange locations of input and output ports, in 
accordance with the invention, such that the two 
output ports are on the same side, namely the 
back side of the coupler 28, while the two input 
ports also share a common side, namely the front 
side of the coupler 28. This provides the coupler 
28 with the requisite locations of input and output 
ports to allow the arrangement of interconnection 
between the two couplers 28 and 30 in a planar 
configuration as shown in Fig. 1 . 

It is also noted that, while the coupler 28 has 
been described for use with the crossover 20, the 
coupler 28 may also be employed in other micro- 
wave circuits for performing algebraic combinations 
of electromagnetic signals. Since the coupler 28 is 
reciprocal in its operation, it may be employed for 
both division of power in one wave among two 
other waves, as well as for combining the power of 
two waves into one wave. Also, the above noted 
gap width which has been established for a 3 dB 
coupling of power can be enlarged to provide for a 
coupling of smaller amounts of power. In the pre- 
ferred embodiment of the invention, the following 
cross sectional dimensions of the transmission 
lines 22 are employed; the center conductor 32 in* 
cross section measures 0.2 inches on a side, and 
the outer conductor 40 in cross section measures 
0.5 inch on a side. The length of the bars 56 and 
58, as portrayed in Fig. 1, is one-quarter 



wavelength of the electromagnetic energy propa- 
gating along the transmission lines 22. The width 
W (Fig. 1) of a channel 50 is enlarged at the 
coupler 28 to provide room for both of the center 

5 conductors 32, the width being increased by the 
width of one outer conductor 40. The form of 
electromagnetic wave propagating along a coaxial 
transmission line 22 is a TEM (transverse elec- 
tromagnetic) wave. The impedance of a transmis- 

io sion line 22 is 50 ohms. 

Fig. 6 shows a view of a hybrid coupler 70 
which is an alternative embodiment of he hybrid 
coupler 28 of Fig. 1 . The coupler 70 is fabricated in 
the same way as the coupler 28, and is formed of 

75 a base plate 72 in which channels 50 have been 
milled out to form the outer conductors 40 of 
coaxial transmission lines 22, the lines 22 including 
a center conductor 32, as was disclosed in the 
construction of the hybrid coupler 28 of Fig. 1. The 

20 view of Fig. 6 shows a layout of the components of 
the coupler 70 and has been formed by taking a 
section through the base plate 72 parallel to the top 
surface thereof, as was done in the sectioning of 
the view of Fig. 1. 

25 In the event that the coupler 70 is to be em- 
ployed in the construction of a microwave cros- 
sover circuit, such as the crossover 20 of Fig.1, 
then the base plate 72 would be extended to in- 
clude two of the couplers 70 with interconnecting 

30 transmission lines 22 in the same fashion as is 
disclosed for the construction of the crossover 20 
of Fig. 1 . The configuration of the base plate 72, as 
shown in Fig. 6, suffices for the creation of the two 
input ports 36 and 38 and the two output ports 44 

35 and 46 for each of the two couplers 70. These 
ports may be employed for connection of the cou- 
pler 70 to various microwave circuits or compo- 
nents such as another hybrid coupler. As was the 
case with the coupler 28, the input ports 36 and 38 

40 of the coupler 70 are directed towards the front of 
the coupler, while the output ports 44 and 46 of the 
coupler 70 are directed towards the back of the 
coupler. The cross sectional dimensions of the 
center conductor 32 and the outer conductor 40 in 

45 each of the transmission lines 22 are the same as 
that disclosed for the coupler 28 of Fig. 1 . It should 
be noted that the description of the construction of 
the coupler 70, as well as of the coupler 28, can 
also be employed for coaxial transmission lines in 

so which the center conductors have a nonrectangular 
cross-sectional shape such as a circular or elliptical 
shape. However, the rectangular or square shape is 
preferred for 3 dB couplers wherein an input wave 
divides into two output waves of equal power. 

55 The coupler 70 includes a central region 74 
which differs from the central region 52 of the 
coupler 28 by the provision of a crossing strip 76 in 
each of two bars 78 and 80 which are narrower 
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than the corresponding crossing strips 62 in the 
bars 56 and 58 of the coupler 28. The bars 78 and 
80 of the coupler 70 (Fig. 6) correspond respec- 
tively to the bars 56 and 58 of the coupler 28 (Figs. 
1 and 3). 

A further difference between the central region 
74 and 52 is the provision in the central region 74 
of a notch 82 in each of the bars 78 and 80 which 
has a stepped sidewall 84 (Figs. 7 and 8) instead 
of the straight side 64 (Figs. 3, 4, and 5) of the 
notch 60. Yet a further distinction between the 
central regions 74 and 52 is the inclusion at the 
edge of the central region 74 of tapers 86 (Figs. 6 
and 7) on extension or wing portions 78AS, 80A of 
the bars 78 and 80 approaching a crossover 88 
(Fig. 6), such tapers being absent in the coupler 28 
of Fig. 1. The foregoing differences in structure 
between the couplers 70 and 28 provide the cou- 
pler 70 with a better VSWR, and also increases the 
operating bandwidth of the coupler 70 as compared 
to the coupler 28. 

As may be seen by inspection of Figs. 6 and 1 , 
the bars 78 and 80 have a more complex structure 
than the bars 56 and 58. It should be noted that the 
two bars 78 and 80 have the same physical shape, 
the geometry of the bar 80, as portrayed in Fig. 6, 
being obtained by turning the bar 78 upside down. 
Specific details in the construction of the bar 78 
and 80 may be obtained by reference to the de- 
tailed views of the bar 80 in Figs. 7 and 8. As the 
bar 80 extends inwardly from the extensions 80A 
thereof, the width of the bar 80 is reduced by the 
taper 86 to a value of approximately one-half the 
original width such that the width of the crossing 
strip 76 is approximately 0.1 inch, as compared to 
0.2 inches width at the ends of the bar 80. The 
crossing strip 76 is joined by necks 90 (Fig. 7) 
which are angled relative to the strip 76 so as to 
offset both extensions of the bar 80 on opposite 
sides of a central axis 92 of the bar 80. Both 
extensions of the bar 80, and the strip 76 are 
parallel to the axis 92, the strip 76 being centered 
on the axis 92. Inclination of a neck 90 relative to 
an extension 80A of the bar 80 is shown in Fig. 7 
by an angle J equal to 135 degrees. The inclination 
of both of the necks 90 to their respective bar 
extensions are the same. Inclination of a taper 86 
relative to a straight edge of an extension of the 
bar 80 is shown in Fig. 7 by an angle H equal to 
22.5 degrees. Both of the tapers 86 in the bar 80 
have the same inclination. 

The crossover 88 (Fig. 6) is similar to the 
crossover 54 (Figs. 1 and 3) in that, in both cases, 
the crossing strip of one bar is enveloped by the 
notch of the the other bar. As may be seen in Figs. 
7 and 8, a bottom 94 of the notch 82 is sufficiently 
wide to extend beyond the side edges of the 
crossing strip 76 in the crossover 88 (Fig. 6). Steps 



of the stepped sidewalls 84 extend still further back 
from the sides of the crossing strip 76 in the 
crossover 88. Beyond the region of the crossover 
88 and the necks 90, the bars 78 and 80 broaden 

5 to their initial width. Thus, the necks 90 and the 
crossing strip 76 can be viewed as an isthmus 
which joins the broader extensions or wing portions 
of each of the bars 78 and 80. 

As shown in Fig. 6, the bars 78 and 80 are 

io held in position by means of two springs 96, two 
dielectric supports 98, and a pair of dielectric spac- 
ers 100. The springs 96 are secured within pockets 
102 in a sidewall of a channel 50. The springs 96 
urge the supports 98 towards each other and 

76 against the bars 78 and 80. The spacers 100 are 
oriented vertically with respect to the plane of the 
base plate 72 and are disposed between facing 
sides of paired necks 90, there being one spacer 
100 on opposite sides of the crossover 88. The 

20 spacers 100 resist the forces exerted by the 
springs 96 as the bars 78 and 80 are urged to- 
gether, thereby tightly holding the bars 78 and 80 
in their respective positions for maintaining a de- 
sired clearance between the necks 90 of the bars 

25 78 and 80. and between the corresponding portions 
of the crossing strips 76 and the notches 82 at the 
crossover 88. As was the case with gaps and 
spacings disclosed above with reference to the 
coupler 28, corresponding values are employed in 

30 the coupler 70 of Fig. 6. Thus, the spacers 100 
have a thickness of 30 mils, and the vertical spac- 
ing between the bottom 94 of a notch 82 and the 
facing side of a crossing strip 76 is 50 mils. With 
respect to the dimensions of the steps of the 

35 stepped sidewall 84 (Fig. 8), the depth of the step 
is approximately one-third the depth of the bottom 
94 of the notch 82, while the horizontal portion of 
the step is approximately one-third the width of the 
bottom 94. 

40 An iris 104 (Fig. 6) is provided by two vanes 
106 extending inwardly towards the crossover 88 
from outer sidewalls of channels 50, the vanes 106 
being coplanar with the spacers 100. The iris 104 
serves to limit the region through which electro- 

45 magnetic power from an input port 36, 38 can. 
couple to both of the output ports 44 and 46. The 
length of the foregoing isthmus (the two necks 90 
plus the crossing strip 76) is one-quarter 
wavelength of the electromagnetic waves propagat- 

50 ing along the transmission lines 22, this length 
being less than the cross-sectional dimension of 
the iris 104. In terms of the operation of the coupler 
70, it is noted that the amount of power coupled 
between the bars 78 and 80 depends on the ca- 

55 pacitance between the two bars, this being deter- 
mined primarily by the coupling at the spacers 100 
at the crossover 88, while the difference in phase 
imparted between waves outputted at the ports 44 
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and 46 is determined by interaction of electromag- 
netic waves across the entire distance of the iris 
104. The material employed in the supports 98 and 
the spacers 100 is preferably a plastic material 
having a dielectric constant of approximately 3.2, 
one such material being marketed by General Elec- 
tric under the trade name of ULTEM 1000, this 
material being dimensionally stable, even at high 
temperatures. 

Operation of the crossover 20 of Fig. 1 con- 
structed with the hybrid couplers 28 and 30 is the 
same as the operation of the crossover 20 with two 
couplers 70 substituted for the couplers 28 and 30. 
This operation is explained with the aid of the 
diagrammatic representation of Fig. 9 which shows 
the two couplers 28 and 30 wherein output ports of 
the coupler 28 are connected via transmission lines 
22 to corresponding input ports of the coupler 30. 
Also shown in Fig, 9 are the two input ports and 
the two output ports of the crossover 20. In this 
explanation of the operation, it is presumed that a 
wave enters the second input port at point G, and 
propagates along paths indicated by dashed lines. 
Key points on the dashed lines are indicated at E 
and F in the coupler 28, and four waves resulting 
by operation of the couplers 28 and 30 appear at 
points A, B, C, and D at the two output ports of the 
crossover 20. 

in operation, the input wave at 6 splits at the 
coupler 28 into two waves E and F having equal 
power, which power is equal to one-half of the 
original power at G. The wave at E is shifted 90 
degrees lagging relative to the wave at F. At the 
coupler 30, the wave E splits into two components 
B and C having equal power, the power in the 
wave components B and C each being equal to 
one-quarter of the input power at G. Similarly, the 
wave at F is split by the coupler 30 into two wave 
components A and D having equal power, the 
power in each of the waves A and D being equal to 
one-quarter of the power at G. The wave at C is 
shifted in phase by a lagging ninety degrees rela- 
tive to the wave at B. Similarly, the wave at A is 
shifted in phase by a lagging 90 degrees relative to 
the wave at D. As a result of the phase shifting, the 
wave component at C has undergone two ninety- 
degree phase shifts for a total phase shift of 180 
degrees. Therefore, the wave component C de- 
structively interferes with the wave component D 
resulting in a cancellation of all power outputted at 
the second output port. Therefore, none of the 
power of the wave at E is coupled from the left 
side of the coupler 30 to the right side of the 
coupler 30; all of the power at E exits the first 
output port. Similarly, none of the power at F exits 
the second output port, all of the power being 
coupled from the right side of the coupler 30 to the 
left side of the coupler 30 to exit at the first output 



port. Since the coupling of power via the couplers 
28 and 30 each introduce a lagging phase shift of 
90 degrees, the contributions via both couplers 28 
and 30 are in phase at the first output port, the two 

5 contributions at A and B each having a lagging 
phase shift of 90 degrees. Thus, the two contribu- 
tions at A and B add cophasally to produce an 
output power at the first output port equal to the 
power inputted at the second input port. The wave 

10 outputted at the first output port has a lagging 
phase of ninety degrees relative to the phase of the 
wave inputted at the second input port. 

In accordance with the invention, and with ref- 
erence to Figs. 10-13, there is shown a 

75 transmission-line assembly 108 providing a matrix 
of paths for propagation and distribution of elec- 
tromagnetic power, and including planar cros- 
sovers, as will now be described. The assembly 
108 comprises a base plate 110 having channels 

20 112 formed therein and being covered by a cover 
plate 114. Within each channel 112 there is dis- 
posed a center conductor 116 which, together with 
an outer conductor 118, formed by the walls of a 
channel 112, and the bottom surface of the cover 

25 plate 114 constitute a coaxial transmission line 120. 
In a preferred embodiment of the invention, the 
coaxial transmission line 120 has a square cross 
section of the outer conductor 118 and the center 
conductor 116 is formed as a rod of uniform square 

30 cross section. 

As may be more readily seen by comparison 
of Figs. 1 and 11, the transmission lines 22 (Fig. 1) 
correspond to the transmission lines 120 (Fig. 11) 
and, similarly, the center and outer conductors 32 

35 and 40 correspond to the center and outer conduc- 
tors 116 and 118. In the assembly 108, pairs of 
transmission lines 120 are coupled together by 
couplers 28, identical to the coupler 28 disclosed in 
Fig. 1. Also shown in Fig. 11 are pairs of couplers 

40 28 and 30 arranged in tandern to provide the 
structure of a crossover 20 identical to that of Fig. 
1 . The crossovers 20 enable electromagnetic pow- 
er to cross from one transmission line 120 to an 
adjacent transmission line 120. Thus, the assembly 

45 108 provides for a matrix of interconnecting paths 
for the propagation of electromagnetic power 
among the transmission lines 120, the matrix pro- 
viding both for a coupling of power as well as for a 
crossing of power between adjacent waveguides. In 

so particular, it is noted that the matrix of Fig. 11 
becomes a Butler matrix upon a construction of 
each of the couplers 28 and 30 to provide for an 
even division of power of one transmission line 
among a pair of output transmission lines with 90 

55 degree phase shift betweeen the two output lines, 
the Butler matrix being completed by the inclusion 
of phase shifters 1 22 disposed within the transmis- 
sion lines 120 at various locations indicated in Figs. 
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11 and 12. While the invention is described particu- 
larly for the case of a Butler matrix, it is to be 
understood that the principles of the invention pro- 
viding for the construction of a matrix with cros- 
sovers between transmission lines in a planar as- 
sembly apply also to other matrices of interconnec- 
ting transmission lines. Also, it is noted that, while 
the hybrid couplers 28 and 30 are disclosed in Fig. 
11, the teachings of the invention apply equally 
well, to the substitution of the hybrid coupler 70 in 
place of the couplers 28 and 30. 

The base plate 110, the cover plate 114 and 
the center conductors 116 are constructed of an 
electrically conductive material such as aluminum. 
The general principles of construction of the 
transmission-line assembly 108 are applicable to 
any form of planar matrix employing different ratios 
of power coupled between transmission lines and 
employing various phase and/or amplitude tapers 
at a set of output ports resulting from the injection 
of microwave power at an input port of the assem- 
bly 108. By way of example in demonstrating the 
use of the assembly 108 as a Butler matrix for 
forming beams of microwave power, Fig. 12 shows 
an antenna 124 having a linear array of antenna 
elements or radiators 126, such as horns or 
dipoles, connected to a set of output ports 128 of 
the assembly 108. A transceiver 130 is connected 
by a beam selector switch 132 to a set of input 
ports 134 of the assembly 108. The number of 
input ports 134 is equal to the number of output 
ports 138, this number being eight in the exem- 
plary construction set forth in Figs. 10-13. By use 
of the assembly 108 and the selector switch 132, a 
beam of radiation can be generated at the antenna 
124, which beam can be directed to the left or to 
the right of boresight 136 as indicated by a set of 
arrows in front of the antenna 124. 

The assembly 108 is formed as a unitary struc- 
ture by the above-noted milling procedure in which 
channels 112, including the structures of the chan- 
nels 50 (Fig. 1) are formed within the base plate 
110. The channels 112 extend from an input end of 
the assembly 108 at the switch 132 (Fig. 12) to an 
output end of the assembly 108 at the antenna 
124. The terms input and output are in reference to 
the transmission of a signal from the transceiver 
130 to the antenna 124, it being understood that 
the assembly 108 operates reciprocally so that 
electromagnetic signals can flow equally well from 
the antenna 124 via the assembly 108 to the switch 
132. In the preferred embodiment of the invention, 
the base plate 110, the cover plate 114 as well as 
the complete assembly 108 have a planar configu- 
ration. If desired, the planar configuration can be 
altered by constructing the assembly 108 on a 
slightly curved surface which would permit the em- 
placement of the assembly 108 within a curved 



wall of an airframe of an aircraft or satellite, it being 
understood that such curvature would be sufficient- 
ly gradual so as to allow propagation of elec- 
tromagnetic waves through the transmission lines 
s 120 without significant reflection from such cur- 
vature. 

The phase shifters 122 are formed as ceramic 
inserts located in the space between a center con- 
ductor 116 and the outer conductor 118. As a 

to convenience to manufacture of the assembly 108, 
the phase shifters 122 may be provided with a U- 
shaped cross section allowing the phase shifter to 
be inserted by pressing the phase shifter 122 down 
upon a center conductor 116 so that the legs of the 

/5 U-shaped configuration are slid in position on both 
sides of the center conductor 116. The phase shift- 
ers 122 may be fabricated of ceramic material in 
which the dielectric constant may be varied among 
the phase shifters to provide for different amounts 

20 of phase shift or, alternatively, additional length of 
phase shift material may be inserted to provide for 
differing amounts of phase shift. It is advantageous 
to form the phase shifters of sections of dielectric 
which a length, as measured along the center con- 

25 ductor 116, which is equal to a quarter wavelength 
of radiation propagating along the transmission 
lines 120, thereby to minimize reflections from the 
phase shifters 122. If desired, the phase shifters 
122 may be made of the same ceramic material 

30 employed in construction of the dieletric supports 
98 of Fig. 6. The specific values of phase shift of 
each of the phase shifters 122 are indicated dia- 
grammatically in Fig. 12, each of these values of 
phase shift being a phase lag, the values of phase 

35 shift shown being employed for. establishing a uni- 
form phase taper in a Butler matrix. Three values 
of phase shift are shown, these values being phase 
lag of 22.5 degrees, 45 degrees, and 67.5 degrees. 
The values of the phase shifters 122 may also be 

40 adjusted to compensate for phase shift which may 
have been introduced by the crossovers 20. 

With reference to the supporting of the center 
conductors 116 centrally within the channels 112, it 
is noted that the center conductors 116 may be 

45 held in position by dielectric supports such as the 
dielectric supports 42 (Fig. 1) which hold the center 
conductors 32 in position. The dielectric supports 
42 have been deleted in Figs. 11-13 in order to 
facilitate the description of the inventive structure. 

so Preferably, the supports are to be arranged along 
the center conductors 116 in pairs such that, in 
each pair, the supports are spaced apart by one 
quarter of a wavelength of the electromagnetic 
power to cancel any reflected waves which may 

55 result from a discontinuity in the transmission line 
associated with the physical structure of a support. 
These may be positioned at intervals along the 
transmission lines 120 of a few inches. A nominal 
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value of microwave frequency of 4.0 GHz is pre- 
sumed in this description of the assembly 108, as 
was disclosed in the description of the crossover 
20 of Figs. 1-9. 

In order to demonstrate operation of the as- 
sembly 108, the transmission lines 120 at the re- 
spective input ports 134 are identified ( Figs. 11- 
13) by the legends 1L, 1R to 4L ( . 4R to identify 
specific ones of the eight beams to be generated 
by the antenna 124 in response to the application 
of an electromagnetic wave to any one of the 
various input ports 134. The numeral 1 indicates a 
beam which is directed close to boresight 136, 
while the numerals 2, 3, and 4 represent larger 
angles of beam inclination relative to boresight 136. 
The letters L and R indicate orientation of a beam 
to the left or to the right of boresight 136. In a 
preferred embodiment of the assembly 108, the 
transmission lines 120 have the same square 
cross-sectional dimensions disclosed above in the 
construction of the crossover 20 (Figs. 1-9), name- 
ly, a side of a channel 112 measuring 0.5 inch 
while a side of the center conductor 116 measures 
0.2 inch. 

The operation is described further with refer- 
ence to the overlay presentation in Fig. 13 wherein 
a wave of electromagnetic power is incident at the 
left hand input port 1 L The power travels upward 
toward the radiators 126, and splits by means of 
the various couplers 28 among adjacent ones of 
the transmission lines 120. In addition to the spit- 
ting of power, power is directed via the crossovers 
20, each crossover comprising the tandem arrange- 
ment of two couplers 28 and 30, to additional ones 
of the transmission line 120 so as to appear at all 
of the output ports 128. Thus, power splits at the 
first coupler 28 to flow in equal quantities in the 
first two transmission lines 120 in the bottom left 
comer of Fig. 13. The power in the second trans- 
mission line crosses over via a crossover 20 into 
the third transmission line from the left side of Figs. 
11-13. Thereupon, via two of the couplers 28, the 
power in the first transmission line is divided even- 
ly between the first and the second transmission 
lines, and the power in the third transmission line is 
divided evenly between the third and the fourth 
transmission lines. Each of the first four transmis- 
sion lines now has one-quarter of the power input 
at the first of the input ports 134. The waves 
propagating in the second and the third transmis- 
sion lines then interchange positions via a cros- 
sover 20. 

For ease of reference, the diagrammatic repre- 
sentation of the assembly 108 in Fig. 12 is divided 
into two subassemblies 138 and 140; the sub- 
assembly 138 connecting with the switch 132 while 
the subassembly 140 connects with the antenna 
124. The preceding description of the splitting of 



the power incident at input port 1 L among the first 
four transmission lines 120 provides for a uniform 
distribution of power at the first four nodes 142 
interconnecting the subassemblies 138 and 140. 

5 Continuing with the distribution of power from the 
nodes 142, in the subassembly 140, the power in 
the first four transmission lines 120 is then coupled 
via additional ones of the crossovers 20 and addi- 
tional ones of the couplers 28 to divide evenly 

10 among all eight of the output ports 128 of the 
transmission-line assembly 108. It is readily veri- 
fied by inspection, that a wave incident at any other 
one of the input ports 134 subdivides uniformly to 
exit at all of the output ports 128. In addition, the 

is fixed phase shifts of the phase shifters 122 provide 
for a uniform phase taper or phase slope among 
the waves exiting from the output ports 62. These 
values of phase shift are in addition to the lagging 
phase shift of 90 degrees provided by each of the 

20 hybrid couplers 28. 

In Fig. 12, the indicated values of phase shift 
introduced by the fixed-value phase shifters 122 
produce a phase slope of 22.5 degrees between 
the nodes 142 upon application of an eiectromag- 

25 netic wave to either of the input ports 134 des- 
ignated 1L and 1R. Much larger values of phase 
slope are obtained by activation of other ones of 
the input ports 134. By way of example in the 
construction of the assembly 108 employing the 

30 values of phase shift indicated by the phase shift- 
ers 122, the power of an electromagnetic wave 
input at any one of the input ports 134 is reduced 
in intensity by 9 dB at each of the output ports 
128, with the following phase tapers being attained 

35 between successive ones of the output ports 128 in 
response to excitation at the respective individual 
ones of the input ports 134, namely: port 1L pro- 
duces 22.5 degrees lag, port 4R produces 157.5 
degrees lead, port 3L produces 112.5 degrees lag. 

40 port 2R produces 67.5 degrees lead, port 2L pro* 
duces 67.5 degrees lag, port 3R produces 112.5 
degrees lead, port 4L produces 157.5 degrees lag, 
and port 1 R produces 22.5 degrees lead. It should 
be noted also that, with respect to the foregoing 

45 values of phase slope, the values of phase shift 
attained for the nodes 142 are symmetrical about a 
center line of the assembly 108 because of the 
symmetrical construction of the right and left 
halves of the assembly 108. The crossovers 20 and 

so the couplers 28 of the subassembly 140 convert 
the phase taper of four nodes 142 on the right side 
or the left side to one continuous phase taper 
across ail eight of the output ports 128. 

The assembly 108 is readily constructed by 

55 milling out the channels 112, as noted above, in the 
base plate 110. The milling provides for a uniform 
square cross section for the channels 112 through- 
out the transmission lines 120, except at locations 
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of couplers 28 and 30 wherein the channel width is 
enlarged to encompass the central region 52 of 
each of the couplers 28 and 30. With the use of the 
coupler 70 in lieu of the couplers 28 and 30, the 
channels 112 are enlarged in their width at a cou- 
pler 70 to encompass the central region 74. In 
addition, the milling process includes formation of 
the pockets 102 for receipt of the springs 96, the 
milling procedure also forming the vanes 106. 
Thereafter, the center conductors 116 are inserted 
into the channels 112, the bars 56 and 58 are 
inserted into the enlarged regions of the channels 
at the locations of the phase shifters 28 and 30 
and, in the case of the use of the couplers 70, the 
bars 78 and 80 are inserted along with the supports 
98 and the springs 96. Thereupon, the construction 
of the assembly 108 is completed by placing the 
cover plate 114 on top of the base plate 110. 

By virtue of the foregoing construction, the 
invention has provided a matrix of microwave trans- 
mission lines for the distribution and the combina- 
tion of electromagnetic waves. The construction 
can be accomplished by automatic milling machin- 
ery to provide repeatably accurate assemblies of 
coaxial transmission lines interconnected by hybrid 
couplers composed of parallel sections of transmis- 
sion lines with a notched crossover. The matrix 
provides for a crossing over of electromagnetic 
power from one transmission line to another within 
a common planar structure without the need for 
any passages for electromagnetic waves located 
outside of the planar configuration. 

It is to be understood that the above described 
embodiments of the invention are illustrative only, 
and that modifications thereof may occur to those 
skilled in the art. Accordingly, this invention is not 
to be regarded as limited to the embodiments 
disclosed herein, but is to be limited only as de- 
fined by the appended claims. 



Claims 

1. A matrix of lines for transmission of elec- 
tromagnetic power between a first set of ports 
(36,38; 134) of said matrix and a second set of 
ports (44,46; 128) of said matrix, characterized by: 
a plate (24; 72; 110); 

a set of channels (50; 112) arranged side-by-side 
and disposed in said plate (24; 72; 110), each of 
said channels (50; 112) extending in a transverse 
direction of said plate (24; 72; 110) from that first 
set of ports (36,38; 134) to said second set of ports 
(44,46; 128), walls of said channel (50; 112) serving 
as outer conductors (40; 118) of coaxial electro- 
magnetic transmission lines (22; 120); 
a set of rods disposed in said channels (50; 112) to 
serve as center conductors (32; 116) of said coaxial 



transmission (lines 22; 120); 
a set of couplers (28; 30; 70) disposed in said plate 
(24; 72; 110), each of said couplers (28; 30; 70) 
having four ports wherein two of the ports serve as 

5 input ports of the coupler (28; 30; 70) and two of 
the ports serve as output ports of the coupler (28; 
30; 70), each of said couplers (28, 30; 70) being 
located between two adjacent ones of said trans- 
mission lines (22; 120) and interconnecting two 

w adjacent transmission lines (22; 120), each of said 
couplers (28; 30; 70) being formed in a section of 
channel (50; 112) joining with the channels (50; 
112) of said two adjacent transmission lines (22; 
120), each of said couplers (28; 30; 70) comprising 

;s a pair of spaced-apart bars (56.58; 78,80) disposed 
in said section of channel (50; 112) and connecting 
via said coupler ports with the rods of said two 
adjacent transmission lines (22; 120) for coupling a 
portion of electromagnetic power from one of said 

20 two adjacent transmission lines (22; 120) to the 
other of said two adjacent transmission lines (22; 
120); and wherein 

said couplers (28; 30; 70) are arranged singly, and 
in tandem pairs between selected adjacent ones of 

25 said transmission lines (22; 120) and 

in each of said tandem pairs of couplers (28; 30; 
70), the output ports of a first of the couplers (28; 
30; 70) are connected to the input ports of a 
second of the couplers (28; 30; 70) to form a 

30 crossover (20; 88) for crossing electromagnetic 
power between said selected adjacent transmission 
lines (22; 120), there being a plurality of said cros- 
sovers (20; 88) and a plurality of said singly ar- 
ranged couplers (28; 30; 70) providing for a dis- 

35 tribution of electromagnetic power between a port 
of one of the said set of matrix ports (36,38; 134) 
and a plurality of ports among a second set of said 
matrix ports (44,46; 128). 

2. The. matrix of Claim 1 , characterized in that 
40 said plate (24; 72; 1 10) is planar. 

3. The matrix of any of Claims 1 or 2, char- 
acterized in that said matrix has a generally planar 
form, and that all parts of conduction of elec- 
tromagnetic power among said crossovers (20; 88) 

46 lie within said generally planar form. 

4. The matrix of any of Claims 1 through 3. 
characterized in that said portion of electromag- 
netic power coupled by a coupler (28; 30; 70) is 
one-half of the power. 

so 5. The matrix of Claim 4, characterized in that 
each of said couplers (28; 30; 70) introduces a 90 
degree phase shift between waves carrying each 
half of the power. 

6. The matrix of any of Claims 1 through 5, 

55 characterized in that said couplers (28; 30; 70) are 
distributed among said transmission lines (22; 120) 
to provide for a Butler matrix. 
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7. The matrix of any of Claims 1 through 6, 
characterized by phase shifters (122) disposed be- 
tween a rod and the wail of a channel (50; 112) in 
each of said transmission lines (120) to provide a 
desired phase taper to electromagnetic waves out- 
putted at a set of said matrix ports (128; 134). 

8. The matrix of any of Claims 1 through 7, 
characterized in that each of said couplers (28,30) 
is a hybrid coupler and wherein, in each of said 
crossovers (20), a first one of said output ports of 
said first coupler is connected to a first one of said 
input ports of said second coupler (30), the second 
output port of said first coupler (28) is connected to 
a second input port of said second coupler (30), 
said first and said second input ports of said first 
coupler (28) serving as input ports (36,38) of said 
crossover (20), and said first and said second out- 
put ports of said second coupler (30) serving as 
output ports (44,46) of said crossover (20). 

9. The matrix according to any of claims 1 
through 8, characterized by a cover disposed on 
said plate (72) for closing said channel (50), said 
cover and said plate (72) providing a housing of 
electrically conductive material for each of said 
couplers (70); and wherein 

in each of said couplers (70), said housing includes 
a top wall and a bottom wall, there being a front 
wall, a back wall, a first sidewali and a second 
sidewall joining said top wall to said bottom wall, 
said housing having four openings oriented nor- 
mally to a common plane, said top wall and said 
bottom wail being parallel to said common plane, 
said openings being positioned serially around a 
center of said housing and pointing outward in 
different directions; and wherein 
in each of said couplers (70), said bars (78,80) 
serve as center conductors (32) and extend 
through each of said openings to form therewith 
said input ports (36,38) and said output ports 
(44,46), said first input port (36) and said first 
output port (44) being located at opposite ends of 
said first sidewall, said second input port (38) and 
said second output port (46) being located at op- 
posite ends of said second sidewall, said first input 
port (36) and said second input port (38) being 
located at opposite ends of said front wall, and said 
first output port (44) and said second output port 
(46) being located on opposite ends of said back 
wall; 

the two bars (78,80) in each of said coupler (70) 
electrically connect ports (36,44) of said first 
sidewall with ports (38,46) of said second sidewall, 
said bars (78,80) being uniformly positioned apart 
from each other and from an inner surface of said 
housing; and 

each of said couplers (70) further comprising 
means for twisting a first one of said bars (78,80) 
about a second one of said bars (78,80) with a half 



twist to enable said first bar (80) to interconnect 
said first input port (36) with said second output 
port (46) and to enable said second bar (78) to 
interconnect said second input port (38) with said 
s first output port (44). 

10. The matrix of any of Claims 1 through 9, 
characterized in that in each of said couplers 
(28,30; 70) each of said bars (56,58; 78,80) has a 
central portion, a first end portion, and a second 

to end portion joined by said central portion to said 
first end portion, said first end portion and said 
second end portion being straight and of equal 
length, said twisting means comprising the central 
portions of said first and said second bars (56,58; 

is 78,80); 

each of said bars (56,58; 78,80) having a rectangu- 
lar cross section and flat outer surfaces, one of 
said surfaces being planar throughout the length of 
a bar (56,58; 78), the sum of the lengths of the two 

20 end portions plus the central portion in each of said 
bars (56,58; 78,80) being approximately one-quar- 
ter wavelength of radiation propagating through 
said couplers (28,30; 70); and 
said one planar surface of one of said bars (56,58; 

25 78,80) being parallel to said one planar surface of 
the other of said bars (56,58; 78,80), said half twist 
retaining the planar configuration of said one planar 
surface in each of said bars (56,58; 78,70). 

11. The matrix of any of Claims 1 through 10, 
30 characterized in that in each of said bars (56,58) 

the central portion of each of said bars (56,58) has 
a notch (60,66) opposite said one planar surface, 
the notch (60) of a first one of said bars (56) facing 
and interleaving with the notch (66) of the second 
35 one of said bars (58); 

end portions of each bar (56,58) being parallel to 
the front wall (34) and the back wall (48) of said 
housing; and 

the central portion in each of said bars (56,58) 
40 being angled relative to said first and second end 
portions of the bar (56,58) to permit and interleav- 
ing and crossing configuration of the central por- 
tions of both of said bars (56,58), thereby to pro- 
vide for capacitive coupling of electromagnetic 
45 waves between said bars (56,58). 

12. The matrix of any of Claims 1 through 10, 
characterized in that in each of said bars (78,80), 
said central portion has a notch (94) opposite said 
one planar surface, the notch (94) of said first bar 

50 (78) facing and interleaving with the notch of said 
second bar (80); 

each of said bars (78,80) having a first and a 
second extension beyond said first and said sec- 
ond end portions, respectively, the central portion 
55 in each of said bars (78,80) being parallel to a 
central longitudinal axis (92) of the respective bar 
(78,80), the two extensions of the bar (78,80) being 
parallel to and offset to opposite sides of said axis 
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(92) in each of said bars (78,80) the axes of the two 
bars (78,80) being angled to provide for a cros- 
sover (88) of the central portions of each of said 
bars (78,80), said extensions extending through re- 
spective ones of said coupler ports (36,38,44,46). 5 

13. The matrix according to any of Claims 1 
through 12, characterized in that in each of said 
couplers (70) and in each bar (78.80) of a coupler 
(70), the central portion is narrowed relative to the 
extensions of the bar (78,80), the two extensions of ro 
a bar (78,80) having a taper (86) extending towards 

the central portion, the distant portions of said 
extensions having a cross section equal to that of 
said rods (78,80) of said transmission lines, and 
that each of said notches (82) is a double stepped is 
notch (82,84,94). 

14. The matrix of any of Claims 1 through 13, 
characterized in that the depths of the sections of 
channel (50; 112) of each of said couplers (28; 30; 

70), as measured in a direction perpendicular to 20 
said transverse direction, are equal to the depths of 
the channels (50; 112) of said transmission lines 
(22; 120). 

15. The matrix of any of Claims 1 through 14, 
characterized in that the width of each of said 25 
sections of channel (50; 112) in each of said cou- 
plers (28; 30; 70) is enlarged in said transverse 
direction to accommodate the physical shapes of 

said pair of bars (56,58; 78,80). 
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